2019). Gas-phase fragmentation reactions of protonated benzofuran-and dihydrobenzofuran-type neolignans investigated by accurate-mass electrospray ionization tandem mass spectrometry.
INTRODUCTION
Neolignans (NLs) are an important class of natural products derived from the shikimate pathway.
They contain two phenylpropanoid (C6C3) units linked by two carbon atoms other than ,' (or 8,8'). 1 Dihydrobenzofuran-type neolignans (DBNs) and their correlated benzofuran-type derivatives (BNs) are a group of NLs that display two phenylpropanoid units between positions 7-O-4' and 8-5'. 2 Interest in DBN and BN skeletons stems from their wide spectrum of biological activities, such as trypanocidal, 3, 4 leishmanicidal, 5 schistosomicidal, 6 insecticidal, 7, 8 antioxidant, 9, 10 and antiinflammatory actions. 10 The biological effects of synthetic and semi-synthetic DBN derivatives have also been extensively investigated. 10 Over the last two decades, electrospray ionization mass spectrometry (ESIMS) has proven to be a powerful technique to analyze natural products and synthetic low molecular weight compounds.
ESIMS is a soft ionization technique that enables analysis of thermolabile and non-volatile compounds with discrete or no fragmentation. 11 ESI-MS combined with tandem (MS/MS) and multiple-stage (MS n ) mass spectrometry can also provide structural information. Combination of ESI MS/MS and ESIMS n data with liquid chromatography (LC) results has been employed to de-replicate and to identify bioactive compounds and metabolism products in complex mixtures. 11, 12 However, elucidating fragmentation pathways and conducting systematic characterization of product ion structures of many classes of synthetic and natural products still represent a major challenge regarding metabolism product identification during in vivo and in vitro studies. 13 Despite the broad scope of DBN and BN biological activities, studies dedicated to the fragmentation of these compounds by ESIMS/MS are still scarce in the literature. Len and coworkers employed ESIMS/MS to identify diasteroisomeric dihydrobenzofuran-1-yl thyamines and a novel 1,3-dihydrobenzofuran nucleoside on the basis of product ion spectra of singly protonated and sodium complex of selected precursor ions by low-energy collision-induced dissociation (CID). 14 Yang and co-workers studied fragmentation of coumestans, pterocarpenes, benzofurans, and isoflavones present in Hedysarum multijugum and identified twenty-nine compounds in the 4 corresponding methanol extract, including five benzofurans, which exhibited characteristic losses, like CO and H2O. 15 Kang and co-workers described that H2O loss from protonated benzofuran glycosides present in Saposhnikovia divaricata root extracts involves dihydrofuran ring cleavage. 16 Morreel and co-workers reported that water (18 Da) loss followed by C8H8 elimination in competition with C8H8 or even CH2O losses from the precursor ion is the main fragmentation pathway for deprotonated dihydrodehydrodiconiferyl alcohol. 17 Similarly, Boldizsár and co-workers reported that water elimination from the Cirsium vulgare fruit benzofuran neolignan balanophonin also involves benzofuran ring opening, with aromatic chain loss followed by aliphatic chain elimination. 18 As part of our ongoing project on the fragmentation reactions of natural products [19] [20] [21] [22] [23] and synthetic compounds, 24, 25 , we investigate the fragmentation pathways of a series of synthetic DBNs and BNs by electrospray ionization accurate-mass tandem mass spectrometry and MS n combined with thermochemical data estimated by Computational Chemistry.
MATERIALS AND METHODS

Synthesis
The DBNs investigated in this study were synthesized as reported previously. 6, 26, 27 Briefly, the core structure of compounds 1-8 was obtained by oxidative coupling of coumaric (a), ferulic (b), and caffeic (c) methyl esters promoted by Ag2O in acetone/benzene (5:8) mixture. The reaction was conducted inside a two-neck flask covered with aluminum foil and equipped with a magnetic stirrer and a nitrogen gas tube at room temperature, for 20 h (Scheme 1). Products were purified by column chromatography (2.2 x 100 cm, silica gel 60, 0.040-0.063 mm) with hexane/ethyl acetate (2:1) as eluent, which gave compounds 1, 2, and 3 in 34%, 40%, and 12% yield, respectively. Acetylated products 4 and 5 were obtained by reacting compounds 1 and 2 with Ac2O/pyridine in a two-neck flask equipped with a magnetic stirrer and under N2 atmosphere at room temperature, for 48 h. Next, the solution was evaporated with toluene at reduced pressure to provide an azeotropic solution. This procedure afforded compounds 4 and 5 in 96% and 82% yield, respectively. Compound 1 was 5 oxidized in a three-neck flask equipped with a magnetic stirrer, under reflux and N2 atmosphere, for 22
h. DDQ (2,3-dichloro-5,6-dicyano-p-benzoquinone) and dry dioxane were added as oxidant agent and solvent, respectively. The solution was cooled, and DDQ was filtered off and evaporated under reduced pressure. The resulting product was purified by column chromatography (1.2 x 60 cm, silica gel 60, 0.040-0.063 mm) with hexane/ethyl acetate (1:2) as eluent, which yielded compound 6 (74%).
Compounds 1 and 6 were reduced by dissolution in dry acetone and addition to Pd/C (5%). The flask was sealed and stirred under 60-psi H2 pressure at room temperature, for 2 h. The mixture was filtered to remove the catalyst. After that, the mixture was evaporated under reduced pressure, which afforded compounds 7 (96%) and 8 (94%). All structures were confirmed by NMR analyses (see support information). MS n analyses of the studied compounds were performed with the same dilution that was used during the accurate mass analyses. The compounds were directly infused into the Ion trap Bruker
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Amazon SL equipment at a flow rate of 5 μL/min. N2 was applied as nebulizing (7 psi) and drying gas 6 (8 mL/min, 200 °C). The capillary high voltage was 3.5 kV, and the end plate offset was set to 500 V for masses ranging from 50 to 900 m/z.
Computational methods
All molecules were optimized with the B3LYP/6-31G(d) model 28 by using Gaussian 03 suite programs. 29 The B3LYP method was chosen to calculate the selected parameters, which provided accurate measurements at minimum computational cost. 30 Vibrational frequencies indicated that all structures were minima in the potential energy surface. All the structures were visualized with the J.Mol 9.0 software. 31 Protonation sites were suggested on the basis of PA. 32 PA was obtained by variations in enthalpies. For a protonation reaction M + H +  MH + , enthalpy was considered to be 1.48 kcal/mol. 33, 34 Hence, it was possible to propose the most stable ions and the fragmentation pathways suggested by enthalpies and Gibbs energies at 298.15 K. No transition states were calculated for the fragmentation mechanisms; only the relative enthalpies/Gibbs energies were obtained because CID was assumed to supply the minimum energy for fragmentation. In addition, the Gibbs energies were used with caution because equilibrium was not reached during the CID experiments. 34, 35 3 Figure 1 shows the product ion spectra of protonated compounds 1-8 at collision energy (Elab) of 10 eV. This energy maximizes the number of peaks in the product spectrum with relative intensity higher than 5% and reduces the precursor ion relative intensity to below 50% without promoting extensive fragmentation (see Supporting Information). Table 1 lists the assignments of the main product ions (relative intensity higher than 5%) at this collision energy. Product ions B and C are common to all DBNs 1-8 and result from one and two losses of two MeOH (32 Da) from the precursor ion, respectively (Scheme 2). These product ions are the most intense in the product ion spectra of compounds 1, 2, 4, 6, and 8 obtained at 10 eV. In addition, one and two CO (28 Da) losses from 7 product ion C generate product ions D and E, respectively, which are also common to compounds 1-3 and 6-8.
RESULTS AND DISCUSSION
Structure-fragmentation correlation
We identified a series of product ions that can diagnose specific structural features of the analyzed compounds, as depicted in Scheme 2. In the case of compounds 4 and 5, which bear an acetoxy group at C4, ketene elimination (42 Da) from product ion C can precede CO elimination, to
give product ion K and its derivatives L ( 
Protonation site search
Given that DBNs can be protonated at many different sites, we analyzed the literature to determine the more susceptible protonation structures. In his remarkable paper, Bouchoux described some relationships concerning the basicity of different polyfunctionalized molecules. 36 Hunter and Lias established that conjugated carbonyl groups and/or presence of electron-releasing groups in α,βunsaturated carbonyl moieties tend to increase PA. 37 More recently, Dias and co-workers demonstrated that the carbonyl oxygen of α,β-unsaturated carbonyl groups is the most susceptible protonation site in a series of 2-aroylbenzofurans. 25 On the basis of these studies, the oxygen atoms of 8 the structure of compounds 1-8 are possible protonation sites. Therefore, we estimated their PA values by computational methods, at the B3LYP/6-31G(d) level of theory. We also tested the B3LYP/6-31+G(d,p) level of theory, but we did not observe remarkable differences between these two base systems, so we opted for the one with the smallest computational cost.
The data estimated by computational quantum chemistry indicated that PA is higher on carbonyl oxygen atoms or furan ring oxygen atoms, as illustrated in Figure 2 . Moreover, comparison between the PA values of compounds 1-8 showed that the double bonds conjugated to carbonyl groups boost the carbonyl oxygen atom PA, as previously described in the literature. 37 Thus, except for compound 8, for which O-9 is estimated to be the site that is the most susceptible to protonation, O-9' is the site that is the most prone to protonation in all the investigated compounds ( Figure 2 ). (II) charge-remote MeOH elimination without proton migration. 13 However, data from deuterium exchange experiments (see supporting information) demonstrated that product ion B stems from MeOD elimination (33 Da) from the precursor ion, which strongly supports mechanism I, as shown in Scheme 3. 38, 39 Theoretical data estimated at the B3LYP/6-31G(d) level of theory revealed that the enthalpy involved in proton migration (mechanism I) is 18.5-10.0 kcal/mol. The CID process (Elab = 10 eV) can supply this energy content. 35 In contrast, deuterium exchange experiments showed that product ion C results from MeOH (and not MeOD) elimination from product ion B to give product ion C, except for compound 6. This evidences that a deuterium/proton participates in product ion C formation. Hence, for compounds 1-5, product ion C formation involves a charge-remote hydrogen rearrangement with H-8 participation, as shown in Scheme 3. 40 The peak ascribed to product ion C is 9 the most intense in the product ion spectra of compounds However, product ion B from compound 6 affords the most intense peak in the product ion spectrum for collision energies between 5 and 25 eV (Figure 1 ). This ion is relatively more stable than the corresponding product ion B of the other compounds of the series due to extended conjugation, as evidenced by the lower ΔH and ΔG values for its formation from product ion A (23. 
General fragment ion formation
Diagnostic product ion formation
The presence of an acetyl group in structures 4-5 refers to product ion K (C-C2H2O) formation.
Ketene eliminations have been reported to result from remote hydrogen rearrangements or
McLafferty-type rearrangements. 13 Product ion K formation from product ion C is endergonic and kcal/mol).
•CH3 elimination under ESI-CID-MS/MS conditions has been reported for compounds that display methoxy groups at their aromatic rings or polyunsaturated systems. 51 
CONCLUSIONS
